This paper presents a new active structural control design methodology comparing the conventional linear-quadratic-Gaussian synthesis with a looptransfer-recovery (LQG/LTR) control approach for structures subjected to ground excitations. It results in an open-loop stable controller. Also the closedloop stability can be guaranteed. More importantly, the value of the controller's gain required for a given degree of LTR is orders of magnitude less than what is required in the conventional LQG/LTR approach. Additionally, for the same value of gain, the proposed controller achieves a much better degree of recovery than the LQG/LTR-based controller. Once this controller is obtained, the problems of control force saturation are either eliminated or at least dampened, and the controller band-width is reduced and consequently the control signal to noise ratio at the input point of the dynamic system is increased. Finally, numerical examples illustrate the above advantages.
INTRODUCTION
The control of structures subjected to ground excitation represents a challenging task for the civil engineer. To protect the safety and integrity of the structures, the theory of active structural control was proposed. The concept of structural control for civil engineering applications was originated in the early 1970s [1] . Some of the widely used structural control methods are explained in references [2] [3] [4] . Among these methods, the classical linear-quadratic-regulator (LQR) optimal control is a simple and effective approach in producing excellent response reduction [5] [6] [7] [8] [9] . Moreover, the LQR optimal control method has impressive properties of robustness, including guaranteed classical gain margins of -6dB to +¥dB and phase margins of ±60º in all channels [10] . The properties are only valid, however, for the full-state case. In general, civil engineering structures involve a large number of degree of freedom. It is impractical to install sensors on every degree of freedom to measure the full state vector. So observers or Kalman filters are used in the implementation to obtain the full state vector based on the output vector. This is the linear-quadratic-Gaussian (LQG) optimal control approach that is successfully applied in civil engineering structural control [11, 12] . However the LQG control approach does not have the guaranteed robustness properties which the LQR approach possesses [13] .
For the practical implementation of active structural control systems, the guaranteed closed-loop stability is one of the critical issues that should be considered. A building may involve considerable uncertainties such as stiffness, damping, etc., and these parameter variations may cause instability. Therefore we must improve the stability robustness and performance robustness of the LQG-based controller. These robustness properties are improved by an LQG/LTR control approach [14] [15] [16] . The LQG/LTR control approach is successfully applied to aircraft [17] [18] [19] and civil engineering structures [20] [21] [22] [23] . However, from their simulation or test results, it can be concluded that the values of gain and band-width of the LQG/LTR-based controller are very large. In other words, the closed-loop system based on the controller is sensitive to measurement noise, model parameter variation, and unmodelled dynamics. Moreover the high gain of the controller makes the required control force very large, which is undesirable in a general dynamic system, especially a civil engineering structure under ground excitation.
The objective of this paper is provide an active control design methodology which maintains all the advantages of the LQG/LTR approach, and also overcomes its problems. The methodology is a modified LQG/LTR approach, but it is different from the LQG/LTR approach in essence. This methodology is useful in the practical implementation on civil engineering structures, and the active controller obtained will possess the following desirable feathers: (a) the controller is open-loop stable, and guarantees the closed-loop stability of an active control system; (b) the stability and performance of the closed-loop system are not sensitive to model uncertainties; (c) the controller thus obtained requires much smaller values of gain than that of the LQG/LTR based controller for the same degree of loop-transfer-recovery. The fact of (c) results in several practical advantages, the most important among them being the reduction in controller band-width and freedom from the problems of control force saturation. (d) Under the same gain, the controller achieves a much better degree of recovery than the LQG/LTR-based controller.
EQUATION OF MOTION OF STRUCTURAL SYSTEM
Consider an n-degree-of-freedom linear structure controlled by actuators and subjected to ground excitation d(t). Its equation of motion can be written as follows:
where -
,x 2 (t),…,x n (t)] T being an n-vector withx i (t) being the displacement of the designated ith floor, U(t)=[u 1 (t),u 2 (t),…,u r (t)] T being an r-vector consisting of r control forces. In equation (1) , M, C s , and K are (n x n) mass, damping, and stiffness matrices, respectively; H is an (n x r) matrix denoting the location of r controllers;r is an n-vector denoting the influence of the ground excitation; and T denotes the transpose of vector or a matrix.
In the state space, equation (1) becomes (2) where X(t)=[x 1 (t),x 2 (t),…,x 2n (t)] T is a 2n state vector; A is a (2n x 2n) linear system matrix; B is a (2n x r) controller location matrix and G is a (2n x 1) excitation influence matrix given, respectively, by
MODIFIED LQG/LTR DESIGN METHODOLOGY
The modified LQG/LTR approach is proposed by Chen et al. [24] to design multivariable control systems in control theory. In this paper, the approach is first applied to active structural control. For simplicity, the controller based on the LQG/LTR approach is called an observer (or Kalman filter) based controller, and the controller based on modified LQG/LTR approach is called a compensator. In this section, the modified LQG/LTR and the LQG/LTR will be summarized briefly. For a detailed discussion, see references [14, 15, 16, 24] .
Consider the 2n-order given plant, i.e. equation (2) (4)
where X, U, and y are respectively 2n-, r-, and m -dimensional state, input, and output vectors. The process noise (ground excitation) d(t) and the measurement noise n(t) are assumed to be zero-mean white-noise processes with Gaussian distributions with constant covariance. A, B, C, and G are matrices with appropriate dimensions. Let F be a stabilizing full state feedback gain matrix such that (a) the closed-loop system is asymptotically stable and (b) the open-loop transfer function meets the given frequency dependent specifications. The state feedback control is (5) and the open-loop transfer function when the loop is broken at the input point is (6) where F = (sI-A) -1 . The next step is to design an observer which implements (5) using only the output y, and at the same time recovers the targets loop transfer function L(s). Let us consider the observer-based controller 
here, K f is the observer gain matrix. The block diagrams of Fig.1 and Fig.2 illustrate the observer-based controller and the compensator implementation respectively.
Our modification is to remove the link from the control signal U to the observer via the control distribution matrix B, as depicted in Fig.1 . In other words, to develop an appropriate compensator of order 2n, we consider the configuration illustrated in Fig.2 . Once the above link is removed, we will embark on a new design philosophy that is outside the realm of observer theory and hence the separation principle is no longer valid. The transfer function of the observer-based controller is (11) and the open-loop transfer function when the loop is broken at the input point of the plant is
The error between the target loop transfer function L(s) and that realized by the observer implementation is (13) where (14) and (15) where K f (s ) is the gain K f is parameterized in terms of a scalar or a vector parameter s .
The compensator transfer function is given by (16) and we can obtain K f to satisfy the following conditions [see reference 24] . Stability of the closed-loop system. The closed-loop system as depicted in Fig.2 and characterized by (4), (9) , and (10), is asymptotically stable, i.e.
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where (18) and l (·) is eigenvalue of a matrix.
2.
The achieved loop transfer function (19) is approximately equal to L(s). 
Besides the above three conditions, we also conclude that for the same value of gain, the compensator achieves a much better degree of recovery than the observerbased controller.
The error between the target open-loop transfer function L(s) and L c (s) the one realized by the compensator, is given by (21) The two expressions for the error between the required and the achieved loop transfer functions, one for the observer-based design (13) , and the other for the compensator design (21), differ significantly. This leads to an overwhelming advantage in favour of the compensator approach.
Assume that the same gain K f (s ) is used for both the observer-based controller and for the compensator. Let s be such thats [M(jv )] (s (·) denotes the maximum singular value, and (s (·) denotes the minimum singular value) is small (say, ! 1) for all v . Furthermore assume that (22) for some frequency region of interest, D c . Then for all v e D c , the error between the target loop transfer function and the one achieved by the compensator is always less than the corresponding one achieved by the observer-based controller. More specifically, we have (23) where E c (s) is as in (21) and E o (s) is as in (13) .
Recalling the expression for E o (jv ) from (13) . We have (24) where Now by our assumption,s [M(jv )]! 1 ands [FF (jv )B]@ 1 for all v e D c , and hence a (jv )@ 1 for all v e D c . Thus -
It is well known [15] that in order to have good command following and good disturbance rejection properties, the loop transfer function matrix L(jv ) has to be large and consequently, the minimum singular values [L(jv )] should be large in the appropriate frequency region. Thus the condition (22) is always satisfied in all practical situations.
In our compensator E c (s), the error between the required and the achieved loop transfer function is equal to M(s) which is designed to be small in some sense. On the other hand, in conventional observer based controller design, the corresponding error The above theoretical results do not reveal the whole story. We have solved numerical examples and noticed that the amount of gain required for the same degree of recovery by the compensator is orders of magnitude less than what is required by an observer-based controller. Low values of gain obviously results in low compensator band-width, and hence much of the output noise that occurs at relatively high frequencies is filtered out. The above good properties of the compensator are critically important to active structural control of civil engineering structures. Because civil engineering structures are usually very large and need a very large active control force which is difficult to be realized, reducing the active control force is a meaningful target under the same response reduction. From Fig.3 , we can obtain input-output behaviour of the closed-loop system.
REQUIREMENT FOR CLOSED-LOOP STABILITY AND DESIGN SPECIFICATIONS
To obtain stability robustness and performance robustness, we must design K(s) based on loop shape technique [25] . 
NUMERICAL EXAMPLES
To illustrate the application of the proposed design methodology, the controller design procedure was applied to (1) a single degree of freedom (SDOF) dynamic system model, and (2) a multiple degree of freedom (MDOF) dynamic system model. The ground excitation used for the numerical simulation is the EL-CENTRO earthquake. The control gain matrix F is obtained by solving the following algebraic Riccati equation (26) then (27) where Q = Q T 0, R = R T >0 are weighting matrices.
The observer gain matrix Kf (s ) is obtained by solving the filter Riccati equation 
Example 1 SDOF dynamic system
The equation of motion of the SDOF dynamic system is where, m = 1kg, c = 4N·s/m, k = 30N/m, and then (displacement feedback). Choosing Q = diag (1000,1), R = 1 x 10 -8 such that the obtained F makes L(s) meet design specifications.
We present the singular value graphs of the target and achieved open-loop transfer matrices and its error function [see Fig.4(a) ]. Also, a tabular column presents the supremum of the singular value of the error function with respect to w over the frequency range of interest [see Table I(a)]. All of the above data relate to the comparison between the observer-based controller and the new compensator when both of them use the same value of gain (e.g. F, K f ). Another method of comparison is to give the value of gain, band-width of both the observer-based controller and the compensator in order that both of them achieve the same degree of recovery as measured by the supremum of the singular value of the Band-width 5.9723 x 10 7 2.9104 x 10 5 Figure 4 (a) Frequency responses for all the cases given in Table I (a) Figure 4 (b) Singular values of observer-based controller and compensator given in Table I(b) correspondingly generated error function. Another tabular column shows this information [see Table I(b)] . Also, for a chosen supremum of singular value, a graph shows the variation of singular value of the observer-based controller and that of the compensator with respect to v over the frequency range of interest [see Fig.4  (b) ]. From all these data, it is easy to see that the compensator approach has better recovery properties than the observer approach. The ground excitation is scaled uniformly to peak ground acceleration of approximate 0.1g. In view of Fig.6 , we see the responses based on the compensator are smaller than that based on the observer-based controller. Moreover, comparison with Fig.5 , the compensator and observer-based controller are capable of reducing the responses under ground excitation. In view of Fig.7 , the control force based on the compensatory is smaller than that based on the observer-based controller, which is very important in active structural control. In short, the compensator approach is better than the observer approach for SDOF dynamic systems.
Example 2. MDOF dynamic system
To verify the proposed methodology for an MDOF dynamic system, a three-storey structure model [26] is adopted here, in which every storey unit is identically Comparison of control force based on two controllers under the same recovery constructed. And an active brace system is installed on the ground. The mass, stiffness, and damping coefficients of each storey unit are m i = 1000kg, k i = 980kN/m, c i = 1.407kN·s/m, respectively, for i = 1, 2, and 3. The open-loop response of the maximum displacement relative to groundx mi and the maximum absolute acceleration a mi of each floor due to the ground excitation (scaled uniformly to a peak ground acceleration of approximate 0.2g) are shown in columns (2) and (3) of Table II . Assume that the first floor displacementx 1 can be measured. The target loop transfer function L(s) can be constructed and analyzed using the weighting matrices Q = diag (1000,1000,1000,1,1,1) , R = 1 x 10 -8 , and calculating the state feedback gain F. The observer gain K f (compensator) in (29) can be obtained by using s = 1 x 10 4 , V = 1, and the observer gain K f (observer-based controller) can be obtained by using s = 1 x 10 6 , V = 1. At the time, s [E o (jv )] > s [E c (jv )] 0.85, that is, the same degree of recovery is obtained.
The active structural control system can be stimulated with use of the compensator in conjunction with the three-storey structure model. In the entire ground excitation episode, the required maximum control force (U c , U o ; U c denotes the needed maximum control force based on a compensator, and U o denotes the needed maximum control force based on an observer-based controller), the maximum displacement -
x mi and the maximum absolute acceleration a mi of each floor are presented in columns (4) and (5) of Table II , denoted by Case B.
Finally, the robustness with respect to the uncertainties of the structural parameters for the nominal controller shown in Case B has been investigated. Variations of ±45% for the stiffness k i and mass m i , respectively, of all the storey units from their nominal values have been considered. The active structural controller is the same as Case B, without accounting for the parameter variations. The numerical results for the maximum response quantities as well as the maximum control force are presented in columns (6)- (13) of Table II , denoted as Case C, D, E, and F. The results shown that the closed-loop stability of the nominal design of Case B is insensitive with respect to the system parametric uncertainty. The table also show that U c is always smaller than U o , which proves that the compensator approach is better than the observer approach again. No.
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(1) 
CONCLUSIONS
A new active structural control design methodology comparing with the conventional LQG/LTR design methodology has been presented for structures that may be subjected to ground excitation. It results in an open-loop stable compensator. Also the closed-loop stability can be guaranteed. More importantly, the value of gain required for a given degree of LTR is orders of magnitude less than what is required in the conventional LQG/LTR approach. Also, for the same value of gain, the proposed compensator achieves a much better degree of recovery than the observer-based controller. Once this compensator is obtained, the problems of control force saturation are either eliminated or at least dampened, and the controller band-width is reduced consequently the control signal to noise ratio at the input point of the dynamic system is increased. Also numerical examples illustrate the above advantages. The proposed design methodology is a full-order approach, in other words, the order of compensator is equal to that of dynamic system. However, the order of high-rise building is very large, then the order of the compensator is very large too, which may need long computational time. So we should develop a design methodology that results in reduced order compensator in a forthcoming paper.
